Warfarin is often used as a site-specific probe for examining the binding of drugs and other solutes to Sudlow site I of human serum albumin (HSA). However, warfarin has strong binding to HSA and the two chiral forms of warfarin have slightly different binding affinities for this protein. Warfarin also undergoes a slow change in structure when present in common buffers used for binding studies. This report examined the use of four related, achiral compounds (i.e., coumarin, 7-hydroxycoumarin, 7-hydroxy-4-methylcoumarin, and 4-hydroxycoumarin) as possible alternative probes for Sudlow site I in drug binding studies. High-performance affinity chromatography and immobilized HSA columns were used to compare and evaluate the binding properties of these probe candidates. Binding for each of the tested probe candidates to HSA was found to give a good fit to a two-site model. The first group of sites had moderate-to-high affinities for the probe candidates with association equilibrium constants that ranged from 6.4 × 10 3 M −1 (coumarin) to 5.5 × 10 4 M −1 (4-hydroxycoumarin) at pH 7.4 and 37°C. The second group of weaker, and probably non-specific, binding regions, had association equilibrium constants that ranged from 3.8 × 10 1 M −1 (7-hydroxy-4-methylcoumarin) to 7.3 × 10 2 M −1 (coumarin). Competition experiments based on zonal elution indicated that all of these probe candidates competed with warfarin at their high affinity regions. Warfarin also showed competition with coumarin, 7-hydroxycoumarin and 7-hydroxy-4-methycoumarin for their weak affinity sites but appeared to not bind and or compete for all of the weak sites of 4-hydroxycoumarin. It was found from this group that 4-hydroxycoumarin was the best alternative to warfarin for examining the interactions of drugs at Sudlow site I on HSA. These results also provided information on how the major structural components of warfarin contribute to the binding of this drug at Sudlow site I.
INTRODUCTION
The analysis of drug binding to plasma proteins is important in the pharmaceutical industry for characterizing the pharmacokinetics and pharmacological effects of drugs [1] [2] [3] [4] [5] [6] . One plasma protein that has been extensively investigated during such work is human serum albumin (HSA) [7] . HSA is the most abundant protein in plasma, with a concentration that ranges from 35-50 g/L or 0.6-0.7 mM [1, [6] [7] [8] [9] [10] . This protein is involved in transporting and distributing many drugs within the body and also binds to a variety of endogenous and exogenous compounds to aid in their transport and to improve their solubility [8] [9] [10] [11] [12] .
Numerous techniques have been utilized to look at HSA and drug-protein interactions, including ultrafiltration [13] , ultracentrifugation [14] , equilibrium dialysis [15] [16] [17] , fluorescence [18, 19] , UV/vis absorption [19] , circular dichroism [20] [21] [22] [23] , capillary electrophoresis [24] [25] [26] [27] , surface plasmon resonance [28, 29] , and nuclear magnetic resonance (NMR) spectroscopy [30, 31] . Another technique that has been popular for some time in this type of application is high-performance affinity chromatography (HPAC) [32] [33] [34] [35] [36] . HPAC is a specialized form of HPLC that makes use of an immobilized biological ligand (e.g., HSA) as the stationary phase [32] [33] [34] [35] [37] [38] [39] . It has been previously shown that columns containing immobilized HSA are effective models for soluble HSA in drug binding studies, making it possible to rapidly obtain accurate and precise estimates of the association equilibrium constants and number of binding sites for drugs on HSA, while also providing a means for studying drug-drug competition for this protein [32] [33] [34] [35] [36] [37] [38] [39] . These properties make HPAC and HSA columns appealing for the high throughput screening of drug binding to HSA.
Both the number of binding sites and affinity of a drug are important in determining the interaction of such an agent with HSA [40] . This protein is known to contain two major binding sites for drugs (i.e., Sudlow site I and II) [41, 42] , as well as several minor binding sites [43] . One way the binding of a drug at a particular site on HSA can be identified is by determining if this drug has direct competition with a specific probe for that site. Warfarin (i.e., 3-(α-acetonylbenzyl)-4-hydroxycoumarin) is an anti-coagulant drug that is frequently used as a probe for Sudlow site I (also often called the warfarin-azapropazone site of HSA) [44] . Warfarin has a relatively high affinity for HSA and well-characterized interactions with this protein [42] . There are, however, several disadvantages to using warfarin in binding studies. For instance, the strong binding of warfarin to HSA can lead to long retention times for this drug on HPAC columns that contain immobilized HSA [45] . In addition, although the two enantiomers of warfarin have the same binding region but slightly different affinities for HSA [12, 44, 45] , it can be expensive to use these separate enantiomers in binding studies (see Table  1 ); this has lead to the frequent use of racemic warfarin as a probe in many past investigations of solute interactions with HSA [32, 33, 37, 45] . In addition, recent studies have shown that warfarin undergoes a slow conversion in aqueous solution that can lead to measurable shifts in its binding to HSA over time [44] .
The purpose of this study is to examine several compounds that are closely-related to warfarin in structure with the goal of determining if these might be used as alternative probes for Sudlow site I in drug-protein binding studies. Ideally, a suitable warfarin replacement for high throughput studies should be specific for Sudlow site I and have few non-specific interactions with HSA or the analysis system. This probe should also have a good long-term stability in aqueous solution and be present in only a single form in solution. Figure 1 shows the various coumarin compounds that will be examined in this study as possible probes for Sudlow site I. These compounds are all achiral, which avoids the possibility of having any differences in binding by separate chiral forms; this property also makes these compounds more cost-effective to use (as illustrated in Table 1 ) and easier to obtain than the separate enantiomers of warfarin. In this study, the stability for each of these compounds will be examined by NMR spectroscopy3. This will be followed by an evaluation of their binding properties for HSA by using HPAC. From the results it will be possible to compare these compounds and determine which might be suitable replacements for warfarin for use in high throughput screening of drug interactions with HSA. The data obtained in this study should also provide clues as to how the various structural features of warfarin and related coumarin compounds contribute to their binding to Sudlow site I.
THEORY

Frontal Analysis
The method of frontal analysis (or frontal affinity chromatography) will be used to determine the number of binding sites and association equilibrium constants for each probe candidate examined in this study. This technique is carried out by continuously applying a solution with a known concentration of the analyte (e.g., a probe candidate) to a column that contains an immobilized ligand (e.g., HSA). As the analyte binds to the ligand, the binding sites in the column become saturated, forming a breakthrough curve like the one shown in Figure 2 (a) . If fast association and dissociation kinetics are present, the mean position of this breakthrough curve can be directly related to the concentration of the applied analyte [A], the total moles of active binding sites in the column for the analyte (m L ), and the association equilibrium constant (K a ) for analyte-ligand binding. The following two equivalent equations can be used to relate these terms for a system where the analyte binds to a single type of site on a ligand [32, 37] .
(1) (2) In these equations m Lapp is the apparent moles of analyte that are required to reach the mean position of the breakthrough curve at any given concentration of applied analyte, [A] . According to Eq. (2), a plot of 1/m Lapp versus 1/[A] for a system with 1:1 binding will make it possible to determine both the binding capacity of the column and the association equilibrium constant by finding the inverse of the intercept and the ratio of the intercept divided by the slope, respectively.
If multi-site binding occurs between the analyte and ligand, a plot prepared according to Eq. (2) will result in a non-linear relationship and produce negative deviations from a linear response at high analyte concentrations (i.e., low values for 1/[A]) [46] . To deal with this situation, Eqs. (1) and (2) can be expanded into the following forms for the case in which an analyte has two different groups of binding sites within a column [32, 46] . In these expanded equations, K a1 is the association equilibrium constant for the binding site with the highest affinity for the analyte, and K a2 is the association equilibrium constant for the site with weaker binding, where 0 < K a2 < K a1 . The term α 1 is the fraction of all binding sites for the analyte that belong to the first group of sites (where α 1 =m L1,tot /m Ltot ), and β 2 is the ratio of the association equilibrium constants for the low affinity binding sites versus the high affinity sites (where β 2 =K a2 /K a1 ). Similar expressions can be written for systems with more than two classes of binding sites for an analyte [46] .
Zonal elution
The method of zonal elution was utilized in this study to examine the competition of warfarin with each probe candidate on HSA columns. This type of experiment is performed by continuously passing a competing agent (I) with a known concentration of [I] through a column that contains the immobilized ligand of interest (e.g., HSA). A small plug of the analyte (A) is then injected onto the column, as demonstrated in Figure 2(b) . If A and I compete for a single class of binding sites on the ligand and have fast association/dissociation kinetics for their binding, the following relationship can be used to describe how the retention of A will be affected by the presence of I [32, 37] . (5) In this equation, k is the observed retention factor for the analyte, as given by k = (t R − t M )/ t M where t R is the measured retention time for the injected analyte and t M is the column void time (i.e., the retention time for a non-retained compound). Also included in Eq. (5) are the association equilibrium constants for the competing agent and the analyte with the ligand (K aI and K aA , respectively) and the column void volume (V M ). Eq. (5) is useful in studying drug-drug competition because it indicates that a plot of 1/k versus [I] should result in a linear relationship if there is direct competition between the competing agent and analyte at a single common binding site on the immobilized ligand, provided the analyte has no other separate binding sites in the column. Non-linear behavior in this plot will be seen for allosteric competition and negative deviations at low values of [I] will be noted for multi-site interactions [32] .
EXPERIMENTAL
Reagents
The coumarin, 4-hydroxycoumarin, 7-hydroxycoumarin and 7-hydroxy-4-methylcoumarin were purchased from Aldrich (Milwaukee, WI, USA); all of these compounds were of analytical grade (>97% pure). The racemic warfarin (98%) was purchased from Sigma (St. Louis, MO, USA). The HSA (>96%, essentially fatty acid free) was also from Sigma. The Nucleosil Si-300 silica (7 μm particle diameter, 300 Å pore size) was from Macherey-Nagel (Düren, Germany). Reagents used in the bicinchoninic acid (BCA) protein assay were from Pierce (Rockford, IL, USA). All aqueous solutions were prepared using water obtained from a NANOpure system (Barnstead, Dubuque, IA, USA) and were filtered using 0.20 μm GNWP nylon membranes from Millipore (Billerica, MA, USA).
Apparatus
NMR studies were carried out on a DRX 500 MHz NMR (Bruker, Billerica, MA, USA) equipped with a cryoprobe. All 1 H NMR spectra were acquired in D 2 O using 128 scans per sample. The chromatographic system consisted of a Waters 590 pump (Milford, MA, USA) and a Beckman 118 Solvent Module (Fullerton, CA, USA). While both of these components were used in the frontal analysis experiments, only the Waters 590 pump was required for the zonal elution experiments. The chromatographic system also contained a Jasco UV-975 UV/ Vis absorbance detector (Tokyo, Japan) and a six-port Rheodyne Advantage PF valve (Cotati, CA, USA) equipped with a 20 μL sample loop during the zonal elution experiments. An Isotemp water bath from Fisher (Pittsburgh, PA, USA) was used in conjunction with a column water jacket (Alltech, IL, USA) to maintain a temperature of 37 (± 0.1) °C during all binding studies. The chromatographic data were collected and processed using LabView 5.1 or LabView 8.0 software (National Instruments, Austin, TX, USA). The BCA protein assay was carried out using a UV 160U spectrophotometer (Shimadzu, Kyoto, Japan) and the diol assay was performed on a P/ACE MDQ capillary electrophoresis system (Beckman, Fullerton, CA, USA).
Methods
1 H NMR spectroscopy was used to monitor the stability of each probe candidate in a pH 7.4, 0.067 M potassium phosphate buffer. These studies were conducted using an approach identical to that described previously to examine the stability of warfarin in this same buffer [44] . The photosensitivity of each candidate probe was examined by using split samples in which one set was stored in the dark and the other set was continuously exposed to ordinary laboratory light. Both sets of samples were stored at 25°C throughout the duration of the stability studies.
The Nucleosil Si-300 silica was converted into a diol form according to the literature [47] . The diol content of the resulting material was 250 (± 20) μmol per gram silica (1 S.D.), as determined in triplicate by an iodometric capillary electrophoresis assay [48] . This diol silica was used along with the Schiff base method for the immobilization of HSA [49] . This immobilization was carried out by placing two 0.55 g portions of the diol silica into two separate 20 mL test tubes and combining each of these portions with 0.55 g sodium periodate. A 10 mL portion of a 90:10 acetic acid/water solution was then added to each test tube and mixed for 2 h at room temperature. The silica in each test tube was washed six times by centrifugation and resuspension in water. After the final washing step, 10 mL of pH 6.0, 0.10 M potassium phosphate buffer was added to each silica sample and the resulting slurries were degassed for approximately 5 min under vacuum. A 0.055 g portion of HSA was added to one of the silica slurries while the slurry in the other test tube was used as control with no HSA being added. Approximately 0.03 g of sodium cyanoborohydride was added to the slurry in each test tube, with these test tubes then being tightly covered and placed in a rocking shaker at 4°C for 6 days. The silica in each test tube was later washed three times by centrifugation and resuspension in pH 8.0, 0.10 M potassium phosphate buffer. A total of 0.1375 g sodium borohydride was slowly added in three portions to each of these test tubes over 90 min while the silica slurry was being shaken. The silica was then washed as described earlier, including three washes with pH 8.0, 0.10 M potassium phosphate buffer that contained 0.5 M sodium chloride, followed by four more washings with pH 7.4, 0.067 M potassium phosphate buffer. The final HSA silica and control support with no HSA added were then stored in pH 7.4, 0.067 M potassium phosphate buffer at 4°C until use.
The HSA silica and control silica were packed into separate 5.0 cm × 4.6 mm I.D. stainless steel columns. These columns were downward slurry packed at 3000 psi (0.21 Mbar) using pH 7.4, 0.067 M potassium phosphate buffer as the packing solution. A small amount of the remaining HSA silica was dried overnight in a vacuum oven and analyzed by using a BCA assay to determine its protein content. This assay was performed in triplicate using soluble HSA as the standard and the control support as the blank, giving a protein content of 40 (± 2) mg HSA per g silica, or 600 ( ± 30) nmol per g silica.
All samples and competing agent solutions for the chromatographic studies were prepared in pH 7.4, 0.067 M phosphate buffer. This same buffer was used as the application buffer and isocratic elution buffer during the chromatographic studies. The mobile phases were stored at 4°C and were degassed for at least 20 min prior to use. All chromatographic studies were carried out at 37°C using a flow rate of 0.5 ml/min. A six-port valve was used to change between the buffer and analyte solutions during the frontal analysis studies.
Frontal analysis studies were performed by applying to the HSA column and control column buffered solutions that consisted of the mobile phase or a known concentration of the desired probe candidate dissolved in the mobile phase. UV/vis absorbance detection was used to monitor the eluting analyte, with the detection wavelength being adjusted during the study to ensure that the signal was always within the linear response range of the detector. The concentrations of the probe candidates ranged from 1-500 μM and the detection wavelengths were as follows: 1-10 μM coumarin, 275 nm; 50-500 μM coumarin, 241 nm; 1-100 μM 7-hydroxycoumarin, 327 nm; 250-500 μM 7-hydroxycoumarin, 260 nm; 1-10 μM 7-hydroxy-4-methylcoumarin, 327 nm; 50-500 μM 7-hydroxy-4-methylcoumarin, 258 nm; 1-50 μM 4-hydroxycoumarin, 286 nm; and 65-500 μM 4-hydroxycoumarin, 325 nm. The retained analyte was eluted and the column was regenerated by changing the mobile phase to a pH 7.4, 0.067 M potassium phosphate buffer. Breakthrough times for each probe compound on the HSA column and control column were determined by using the equal area method, as outlined in Ref. [32] . The breakthrough times for the control column were subtracted from those for the HSA column to correct for non-specific binding by each probe candidate to the support and the system. The association equilibrium constants and binding capacities for each probe candidate on the HSA column were then determined by analyzing the data according to Eqs.
(1)-(4).
Competition studies were performed through the use of zonal elution experiments by injecting 20 μL samples of the probe compounds onto the HSA or control column in the presence of a known concentration of warfarin in the mobile phase. Racemic warfarin was acceptable for use as a probe for Sudlow site I in this particular case because both R-and S-warfarin bind to Sudlow site I with only slightly different affinities for these interactions [12, 44, 45] , and the primary goal of this competition study was to simply see if each achiral probe candidate could compete with warfarin for binding at this specific site. Racemic warfarin is also of general interest for such studies because it is the form of warfarin that is commonly used in therapeutic preparations. The detection wavelengths used in the competition studies were as follows: coumarin, 277 nm; 7-hydroxycoumarin, 325 nm; 7-hydroxy-4-methylcoumarin, 325 nm; and 4-hydroxycoumarin, 286 nm. A 5 μM sample of each probe candidate was injected; no significant change in the retention factors were noted by using lower concentration samples, indicating that these conditions allowed work to be performed under linear elution conditions. The concentration of warfarin that was added to the mobile phase ranged from 1-20 μM. This concentration range was determined in advance to be within the optimum range needed to observe a shift in analyte retention based on the known association equilibrium constant of warfarin with HSA [32] . The retention factors for the analyte peaks were found by using their central moments [32] using PeakFit 4.12 (Jandel Scientific Software, San Rafael, CA, USA). After correcting the data for the retention observed on the control column, the resulting retention factors were plotted according to Eq. (5) to determine the type of competition that was present for each probe candidate with warfarin.
RESULTS AND DISCUSSION
NMR stability studies
A previous study examined the stability of warfarin in pH 7.4, 0.067 M phosphate buffer by using 1 H NMR spectroscopy [44] . It was found in this earlier report that warfarin has a slow conversion in structure from one form to another over time. It is believed that this conversion involves a change in warfarin between one cyclic epimer and another due to the presence of two chiral centers in the cyclic form of warfarin (Note: although warfarin is generally drawn in an open chain form, it is known to exist as a cyclic hemiketal in solution) [50] . This slow change in structure is temperature-dependent and follows a first-order decay process that has a rate constant of 0.0086 h −1 at 25°C [44] .
Similar experiments were conducted in this current report to examine the stability of each candidate probe. Some typical results are shown in Figure 3 for 7-hydroxycoumarin, which gave no observable change in its 1 H NMR spectrum over the course of four weeks in pH 7.4, 0.067 M phosphate buffer. Similar results were obtained for all of the other candidate probes in both the presence and absence of normal laboratory lighting. These results indicated that each of these probe candidates had better long-term stability than warfarin in pH 7.4, 0.067 M phosphate buffer. This greater stability was not surprising because none of these probe candidates is capable of forming a cyclic hemiketal in solution, the feature believed to create a change in the dominant structure of warfarin over time when present in an aqueous solution [44] . These results indicated that all of these probe candidates were stable for at least one month when stored in pH 7.4, 0.067 M phosphate buffer. This feature is useful because this is the same buffer that is commonly used in drug binding studies with HSA.
Frontal analysis studies
Frontal analysis was performed using HPAC and an immobilized HSA column to determine the number of binding sites and association equilibrium constants for each probe candidate with HSA. Figure 2(a) shows some typical frontal analysis breakthrough curves that were obtained for the binding of 7-hydroxycoumarin to the HSA column. The breakthrough curves in this type of experiment shifted to the left, and to smaller breakthrough times, as the concentration of the analyte was increased. Similar results were obtained for the other probe candidates and in work performed with the control column.
Each of the probe compounds showed some non-specific binding to the support in the control column. This binding ranged from a corrected breakthrough time at 0.5 ml/min of 0.3-1.2 min (when using a void time of 1.5 min). The non-specific binding was low for most of the probe candidates and made up only 6-15% of the total binding noted on the HSA column when applying a 1.0 μM solution of the given probe candidate. The only exception was coumarin, for which non-specific binding to the support made up 48% of the capacity measured on the HSA column under the given experimental conditions. This higher level of non-specific binding may limit the usefulness of coumarin as an alternative probe to warfarin when working with columns that are based on silica supports; however, it is possible that coumarin might still be usable with HPAC columns that are prepared using other support materials.
Eq. (2) was initially used to examine the frontal analysis data. A typical double reciprocal plot of 1/m Lapp versus 1/[A] that was obtained is shown in Figure 4 for 7-hydroxycoumarin at applied concentrations that ranged from 1-500 μM. Similar plots were obtained for coumarin and 7-hydroxy-4-methylcoumarin. These plots had correlation coefficients that ranged from 0.9983-0.9998 (n = 10), but did show some negative deviations at high analyte concentrations (i.e., above 30-50 μM, as demonstrated by the inset in Figure 4 ). These results suggested that these three compounds each had a single major class of binding sites on HSA (creating the good linearity seen at low-to-moderate concentrations of these analytes), as well as a group of weaker binding sites (producing the negative deviations observed at high analyte concentrations). The same conclusion was reached for 4-hydroxycoumarin, which showed more apparent deviations from linearity at higher concentrations. Figure 5 shows the results that were obtained when plots of m Lapp versus the concentration of the applied analyte were prepared for 4-hydroxycoumarin and examined according to a onesite or two-site model. These data were found to produce the best fit to the two-site model described by Eq. (3), giving a correlation coefficient of 0.9998 (n =10) and only random variations in the corresponding residual plot, with an absolute residual sum of squares that was equal to 6.3 × 10 −17 (see graph in lower part of Figure 5 ). When the same plot was analyzed according to a one-site model, the correlation coefficient was 0.9890 and non-random deviations were noted in the residual plot at both low and high analyte concentrations; this residual plot also showed a much larger absolute residual sum of squares (5.3 × 10 −15 ) than that obtained with the two-site model. The other probe candidates also gave better fits to a twosite model than a one-site model for such plots, with correlation coefficients of 0.9997-0.9999, smaller absolute residual sum of squares, and only random deviations in the residual plots for the two-site model. Table 2 summarizes the association equilibrium constants and binding capacities that were estimated from these plots based on a two-site model. The term "Site 1" in this table refers to the higher affinity binding region for each probe candidate, while "Site 2" refers to the weaker binding regions that were detected. The high affinity sites had association equilibrium constants for these probe candidates that ranged from 6.4 × 10 3 M −1 (for coumarin) up to 5.5 × 10 4 M −1 (for 4-hydroxycoumarin) at 37° C and pH 7.4. These values were approximately 4.5-to 40-fold lower than the average association equilibrium constant of 2.5 × 10 5 M −1 that has been reported for warfarin enantiomers with HSA under similar conditions [44, 45] . It is interesting to note that the probe candidate with the closest similarity to warfarin in its structure also gave the largest association equilibrium constant for its high affinity site. This observation fits with a model in which at least some of these probe candidates were binding to Sudlow site I of HSA.
The binding capacities obtained for the high affinity site of each probe compound were compared to the amount of HSA in the HPAC column to give the specific activities for these sites. The total moles of HSA in this column was calculated to be 224 (± 11) nmol based on the known protein content of the HSA support, the packing density of this material and the total column void volume. The resulting specific activities of the high affinity site for coumarin, 7-hydroxy-4-methylcoumarin and 4-hydroxycoumarin were in the range of 0.5-1.2 mol probe/ mol HSA, as would be expected for interactions at a single binding region on HSA [44, 45] . The specific activity obtained for 7-hydroxycoumarin was 2.3 mol/mol HSA, suggesting that this probe candidate might have interacted with two sites on HSA that had similar association equilibrium constants; such a feature would limit the usefulness of this particular compound if the goal is to use it as a specific probe for only Sudlow site I.
The weak affinity regions for these probe candidates had apparent association equilibrium constants in the range of only 38-860 M −1 at 37° C and pH 7.4. These interactions probably represent non-specific binding of these compounds to the structure of HSA. This conclusion is supported by the binding capacities that were estimated for these regions, which gave specific activities that ranged from 3.4-16 mol/mol HSA. These large specific activities agree with what would be expected for a group of non-selective interactions between a solute and a protein rather than binding at a specific binding site. A similar set of low affinity interactions at secondary sites has been noted between warfarin and HSA, with a reported association equilibrium constant of 1.4 × 10 4 M −1 at 25°C [51] .
Competition studies
Zonal elution studies were next carried out to determine if the probe candidates could compete directly with warfarin for Sudlow site I on HSA. These studies were performed by adding various known concentrations of racemic warfarin to the mobile phase while a small and fixed amount of each candidate was injected onto the column. Figure 2(b) shows how the retention of 7-hydroxycoumarin changed with increasing concentrations of warfarin in the mobile phase. Figure 6 shows the results that were obtained when the data from such studies were analyzed according to Eq. (5). Coumarin, 7-hydroxycoumarin (see Figure 6 (a)-(b)), and 7-hydroxy-4-methylcoumarin (data not shown) all gave a linear response at warfarin concentrations of at least 5 μM or higher, along with a small negative deviation from this linear behavior at lower warfarin concentrations or when no warfarin was present. The relative difference in the retention factors calculated from the best-fit intercept and actual intercept for each of these plots was in the range of 12.8 to 16.7%. 4-Hydroxycoumarin gave slightly different behavior, with a linear response being seen in Figure 6 (c) at warfarin concentrations above 5 μM and a slight positive deviation being noted at lower warfarin concentrations.
For each probe candidate, the intercept of the best-fit line was consistent with the value predicted for the high affinity site by using the data in Table 2 and Eq. (5). This result indicated that competition between warfarin and the probe candidates at their high affinity sites was the dominant interaction being observed in the linear regions of these plots. In addition, the difference in the actual intercept and the best-fit intercept from the linear region for plots with negative deviations was consistent with the level of retention predicted from Table 2 for the weak affinity regions of these probe candidates. The relative size of the contributions of the weak sites to retention in the absence of any warfarin (i.e., at the y-intercept in Figure 6 ) was estimated from the data in Table 2 to be about 5% for 4-hydroxycoumarin, 23% for 7-hydroxycoumarin and 19% for 7-hydroxy-4-methylcoumarin. The relative contribution of the weak sites to retention was 43% for coumarin, which again suggested that this candidate would have limited usefulness as a site-specific probe for HSA.
The behavior observed for coumarin, 7-hydroxycoumarin and 7-hydroxy-4-methylcourmin for plots like those in Figure 6 is consistent with a model in which direct competition is occurring between warfarin and these probe candidates at both their high and weak affinity sites.
Competition at the high affinity sites was noted to dominate at moderate-to-high concentrations of warfarin (creating the linear response seen in this region), while both the weak and high affinity sites had significant contributions to retention at lower warfarin concentrations. Similar behavior has been noted previously for other solute systems with competition at two groups of sites on HSA [32] . The results for 4-hydroxycoumarin are consistent with a slightly different model. For this probe candidate it appears that 4-hydroxycoumarin and warfarin were again competing for the high affinity site of this probe at moderate-to-low concentrations of warfarin. However, the positive deviations seen when only small concentrations of warfarin were present suggest that at least some of the weak affinity sites for 4-hydroxycoumarin were showing little or no binding for warfarin under these conditions.
The ratio of the slope and intercepts for the best-fit lines in these plots were used along with Eq. (5) to estimate the value of warfarin's association equilibrium constant at its site of competition with each probe candidate. It was found that warfarin had an association equilibrium constant of 2.6 (± 0.1) × 10 5 M −1 as it underwent binding at the high affinity site for 4-hydroxycoumarin. This value is statistically identical to the average association equilibrium constant of 2.5 × 10 5 M −1 that has been reported for R-and S-warfarin at Sudlow site I of HSA, thus confirming that the high affinity site of 4-hydroxycoumarin was the same as this binding region [44, 45] . Thus, it appeared from this result that 4-hydroxycoumarin could indeed be used as a replacement for warfarin as a probe for examining the binding of other solutes at Sudlow site I.
The association equilibrium constants determined for racemic warfarin at its site of competition with the other probe candidates were about an order of magnitude lower than the full value for warfarin at Sudlow site 1. These calculated values were as follows: competition with coumarin Because warfarin has only one major binding site on HSA, these results indicate that these probe candidates are binding to and competing with warfarin at only part of this site. A similar effect has been noted in the competition of octanoic acid with various drugs for binding to HSA [36] . This scenario is consistent with the fact that each of these three probe candidates contains only part of the structure of warfarin (i.e., as is the case for coumarin) or contain additional groups that are not present in warfarin (e.g., the 7-hydroxyl group in 7-hydroxycoumarin and 7-hydroxy-4-methylcoumarin). This would also explain why the association equilibrium constant calculated for warfarin during its competition with 4-hydroxycoumarin was essentially the same as the full value reported for warfarin at Sudlow site I because this particular probe candidate has the closest structure to that of warfarin and the best chance for fully competing with warfarin at Sudlow site I.
Effects of Coumarin Structure on Binding to Sudlow Site I
Although the main goal of this study was to identify alternatives to warfarin as probes for Sudlow site I, the results that were obtained in the frontal analysis and zonal elution studies do provide some information on the nature of the binding of warfarin and related compounds to HSA. It is known that many solutes like warfarin that bind at Sudlow site I are bulky heterocyclic compounds that also contain anionic groups near a central location of the molecule [51, 52] . This general model was confirmed in this current report by the fact that the probe with the greatest similarity to warfarin in its affinity for Sudlow site I was 4-hydroxycoumarin, a compound which contains the same type of heterocyclic ring and anion-forming, acidic hydroxyl group that appears in warfarin. Removal of the hydroxyl group from this structure (leaving only the coumarin backbone) produced a decrease in K a of 8.5-fold, as noted in Table  2 when comparing the results at Site 1 for 4-hydroxycoumarin and coumarin.
It is also clear from the data in Table 2 that the structure shared by 4-hydroxycoumarin and warfarin is only partly responsible for the high affinity of warfarin at Sudlow site I. This result is demonstrated by the 4.5-fold difference in affinity at this site that was measured for 4-hydroxycoumarin versus the average K a value of 2.5 × 10 5 M −1 that has been reported for warfarin enantiomers under equivalent conditions [44, 45] . This comparison indicates that the 3-(α-acetonylbenzyl) group on warfarin (see lower left portion of the warfarin structure in Figure 1 ) plays a significant role in contributing to the high affinity of this drug at Sudlow site I. This conclusion is consistent with recent crystal structures which show that the coumarin and 3-(α-acetonylbenzyl) groups of warfarin occupy separate sub-chambers as this drug binds to Sudlow site I (see discussion in Ref. [12] ).
The positions of the hydroxyl group and other side chains about the coumarin ring were also found to affect the affinity of the tested probe compounds for HSA. Table 2 indicates that moving the hydroxyl group from the 4-to 7-position created a 6.7-fold lower affinity for 7-hydroxycoumarin versus 4-hydroxycoumarin as these compounds were bound by Sudlow site I. Placing a methyl group in the 4-position regained some of this affinity, as shown in Table 2 by the 2.7-fold increase in the association equilibrium constant at Site 1 when going from 7-hydroxycoumarin to 7-hydroxy-4-methylcoumarin.
CONCLUSIONS
This study examined the binding of four coumarin compounds to HSA using HPAC. It was determined by frontal analysis that all of the probe candidates had interactions with HSA that followed a two-site model, including a high affinity site and a second group of weak, nonspecific binding regions. It was found in zonal elution competition studies that all of these probe candidates gave direct competition with warfarin at their high affinity sites, as well as either direct competition or no competition at their weak affinity sites (the latter behavior been noted in the case of 4-hydroxycoumarin). The results of this study not only allowed new probes for HSA to be identified, but also provided information on how the coumarin ring, hydroxyl group and 3-(α-acetonylbenzyl) group that are part of warfarin each contribute to the binding of this drug at Sudlow site I.
Of the various probe candidates that were examined, 4-hydroxycoumarin was found to be the best alternative for warfarin in its binding to Sudlow site I of HSA. Some advantages of using 4-hydroxycoumrin for this purpose include its good long term stability in a pH 7.4 phosphate buffer and its ability to be obtained in an inexpensive and single form for binding studies. 4-Hydroxycoumarin also has slightly weaker binding than warfarin to HSA, which would avoid the need for long elution times when working with such an agent in HPAC.
The other tested probes had several limitations. Coumarin had high non-specific binding to silica supports and a relatively large contribution by its weak affinity sites on HSA to its overall binding to this protein. In addition, coumarin, 7-hydroxycoumarin and 7-hydroxy-4-methylcoumarin all appeared to compete with warfarin for only part of Sudlow site I. 7-Hydroxycoumarin and 7-hydroxy-4-methylcoumarin did have small non-specific interactions with the support and with HSA, which may make them useful in some situations as probes for drug binding studies. However, binding capacity measurements did suggest that 7-hydroxycoumarin may have more than one high affinity site on HSA. Thus, 4-hydroxycoumarin was found to be the best overall alternative to warfarin as a probe for Sudlow site I of HSA. Structures of warfarin and compounds that were examined as possible alternative probes for Sudlow site I on HSA. Fit of frontal analysis data from 4-hydroxycoumarin to (a) a one-site model, as represented by Eq. (1) or (b) a two-site binding model, as represented by Eq. (3). The best-fit parameters for the graph in the two-site model are given in Table 2 . The graphs at the bottom show the residual plots for the graphs immediately above each of these plots. The correlation coefficients for all of these plots were in the range of 0.9971-0.9998 (n = 4-5). 
